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In a research article appeared in this journal, the LHCb Collaboration has presented an extraordinary result on
the mass spectrum of J/ψ-pairs produced in proton-proton high energy collisions. The spectrum shows: a narrow
structure around 6.9 GeV matching the lineshape of a resonance and a broad structure just above twice the J/ψ
mass [1]. In the same region, more resonances may be present, not clearly distinguished within present statistics, (see
Fig. 1).
A new spectroscopy is waiting for us, that of fully charm tetraquarks, which parallels the spectroscopy of charmonia
revealed by the J/Ψ discovery of 1974.
FIG. 1: The mass spectrum of J/ψ pairs superposed by fit result of Model I, LHCb [1].
The LHCb discovery did not come unexpected.
LHCb has observed analogous peaks in the mass distribution of J/ψ − φ pairs from B+ decay [2]. Theoretically,
mixed cs tetraquarks have been studied with the quark model [3] and QCD sum rules [4]. The possible existence
of fully heavy tetraquarks was proposed as early as 1985 [5] and it has been widely considered [6, 7], together with
doubly heavy tetraquarks, after the observation of doubly heavy baryons.
Exotic Hadrons. The hypothetical existence of hadronic states with more than minimal quark content was con-
sidered in the seminal paper, where Murray Gell-Mann, in 1964, proposed the existence of quark constituents in the
hadrons: Baryons can now be constructed from quarks by using the combinations (qqq), (qqqqq¯), etc., while mesons
are made out of (qq¯), (qqq¯q¯), etc. . . . the lowest baryon configuration (qqq) gives just the representations 1,8, and 10
that have been observed, while the lowest meson configuration (qq¯) similarly gives just the 1 and 8 [8]. In the same
year, quarks were introduced, independently, by George Zweig [9].
In the sixties and seventies, the existence of qqq¯q¯ tetraquarks was considered unlikely due to the non-observation
of Q = +2 mesons, that would arise from configurations such as uud¯d¯.
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2With the advent of QCD, Robert Jaffe proposed a way to overcome the problem [10]: a diquark with spin S = 0
and colour 3¯ which, by Fermi statistics, has to be antisymmetric in flavour, is in a 3¯ of SU(3)flavour. Binding such
good diquark 1 with an equally good antidiquark gives rise only to non-exotic octet and singlet tetraquark mesons
(crypto-exotic hadrons). Jaffe applied this idea to the lightest scalar mesons, described as good diquark anti-diquark
pairs, thereby explaining why the scalar singlet state, σ = f0(500) = [ud][u¯d¯], is lighter than its I = 0, 1 partners,
a0(980), f0(980) = [sq][s¯q¯
′], (q, q′ = u, d) and why f0(980) has an appreciable decay into KK¯, in spite of the small
phase space.
Heavy-light good and bad diquarks have been introduced in the tetraquark descripton of X(3872), Zc(3900) and
Zc(4020), following the idea that, in the limit of infinite charm mass, bad diquarks should also form bound states if
good diquarks do so [12].
Interestingly, the very same problem that motivated Jaffe’s tetraquark solution of the properties of f0(980), i.e. its
affinity to K mesons, is at the root of the alternative picture developed somewhat later, the idea that f0(980) is a
KK¯ bound state held together by pion exchange forces [13]. The same valence quarks present in Jaffe’s tetraquark,
are rearranged into two color singlet hadrons bound by the same force that causes nuclear binding. It is a picture
that had been introduced earlier by De Rujula, Georgi and Glashow [14] under the pictorial name of hadron molecule.
Recent years have seen the observation of several four valence quark states that cannot be included in the systematics
of qq¯ mesons, like Z(4430) [15, 16], Zc(3900) and Zc(4020) [17]. Similar particles have also been found in the bottom
sector, Zb(10610) and Zb(10650), observed by the Belle collaboration [18] (see [19] for recent reviews). In 2015,
LHCb has observed resonant lines in the J/ψ − p spectrum [20], resolved more recently into three fully fledged
pentaquarks [21].
In spite of the large body of experimental information accumulated on exotic hadrons, no consensus has been
reached yet about the way valence quarks are organised inside them. Loosely bound molecules [22] and compact
FIG. 2: Exotic hadrons: artist’s view of the quark configurations presently under discussion. The numbers appended as subscripts
correspond to the dimension of colour representations.
tetraquarks [19] are the two opposite extrema of a spectrum of more complex solutions to the problem. Another
interesting suggestion is that of hadrocharmonia, i.e. relatively compact charmonium embedded in a light quark
mesonic excitation [23], (see Fig. 2). To complete the picture, we may add that some authors consider the possibility
that exotic hadrons might simply be a threshold kinematical effect, a cusp, as detailed in [24].
The 6.9 GeV resonance as a Tetraquark. There are no known color singlet, light particles that may be
exchanged between two charmonia to produce binding or final state interactions. That the 6.9 GeV resonance is a
hadron molecule or a threshold cusp seem to me a rather unlikely possibility. What can we say assuming that the
resonance(s) seen in Fig. 1 are fully charm tetraquarks?
Assuming the diquark [cc] in colour 3¯, the total spin of each diquark is S = 1: colour antisymmetry and Fermi
statistics imply a bad diquark.
1 the term good diquark was coined in [11], to contrast the bad diquark, spin S = 1 and flavour symmetric, which would give rise to really
exotic mesons
3S-wave states have positive parity and are classified according to:
1. C=+1: JPC = 0++, 2++. S-wave decays: J/ψ-pair; ηc-pair, χc0(1P )-pair (J = 0 only), χc1,2(1P )-pair (J = 0, 2
if allowed by phase space); DD¯ + light mesons;
2. C= -1: JPC = 1+−. S-wave decays: J/ψ + ηc, DD¯ + light mesons.
In ref. [25], we estimate branching fractions and decay rates and give upper bounds to the product σ(pp → T ) ×
BR(T → 4µ) in pp collisions, where T denotes an S-wave, fully charm tetraquark. The branching ratio in 4 muons
is more favourable for the 2++ w.r.t. 0++, by a factor of 6. In addition, 2++ is produced with a statistical factor
2J+1=5. In total one obtains a visibility ratio 2++ : 0++ = 30 : 1!
Tetraquark masses have been computed by Bedolla et al. [7] treating the tetraquark as a two body, diquark-
antidiquark system in QCD inspired, Coulomb plus linear, potential. Authors include computation of the energy
levels of radial and orbital excitations.
The prediction includes one a priori unknown additive constant (to fix the zero of energy for confined states) which
has to be determined from one mass of the spectrum. In [7] the constant was taken (provisionally) from calculations
of meson masses. To compare with the experimental spectrum, one has to identify the state which corresponds to
the 6.9 GeV resonance and shift all other masses accordingly. Needless to say, determining the spin-parity of the
resonances is the first priority.
Concluding. The observation of the 6.9 GeV peak opens several exciting possibilities and it may be a real game
changer. Theoretically, there are little doubts that four heavy quarks may form bound states, at least in the infinite
mass limit. The fully charm tetraquark spectrum may be amenable to theoretical calculation along the lines developed
for quarkonium spectrum and the results may shed light to the sector of heavy-light tetraquarks, in the same way
that quarkonium spectroscopy helped a better understanding of the light hadron spectrum (as reflected e.g. in the
work of Ref. [26]).
The 6.9 GeV peak seems to go well with a 2++ resonance, for production rate and total width, but nothing can be
said until a direct spin-parity determination is produced. More states are expected, below and above 6.9 GeV, if the
latter is indeed the 2++ S-wave state.
Another possibility is that S-wave states are below threshold and we are seeing the spectrum of radial and orbital
excitations. Again spin-parity determinations will be crucial.
One could also consider the 4 charm state with the diquark in color 6. Quarks do repel each other, in this case, but
the overall confinement forces could keep the system bound. Individual diquark spins are 0 and only a JPC = 0++
state is expected in S-wave.
. . . so much accomplished, and so much more left to do (Winston Churchill).
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